In this paper, we examine the hydration structure of dibenzo-18-crown-6 (DB18C6) complexes with K + , Rb + , and Cs + ion in the gas phase. We measure well-resolved UV photodissociation (UVPD) spectra of 
distance between the metal ions and the DB18C6 cavity increases with increasing ion size from K + to Cs + . Though the structural difference of the bare complexes is small, it highly affects the manner in which each is hydrated. For the hydrated K + •DB18C6
complexes, water molecules bind on both sides (top and bottom) of the boat-type K + •DB18C6 conformer, while hydration occurs only on top of the Rb + •DB18C6 and Cs + •DB18C6 complexes. Based on our analysis of the hydration manner of the gas phase complexes, we propose that for Rb + •DB18C6 and Cs + •DB18C6 complexes in aqueous solution, water molecules will preferentially bind on top of the boat conformers because of the displaced position of the metal ions relative to DB18C6. In contrast, the K + •DB18C6 complex can accept H 2 O molecules on both sides of the boat conformation. We also propose that the characteristic solvation manner of the K + •DB18C6 complex will contribute entropically to its high stability and thus to preferential capture of K + ion by DB18C6 in solution.
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Introduction
Crown ethers are the most common host molecules for ion complexation in supramolecular and organic chemistry. 1 One of their characteristics is the ability to selectively encapsulate certain metal ions. For example, dibenzo-18-crown-6 (DB18C6) selectively captures K + among alkali metal ions in aqueous solution. [2] [3] One important conclusion derived from our previous studies of ion-crown ether complexes [4] [5] [6] is that solvent effects highly control the alkali ion selectivity. In addition, a number of studies suggest the existence of multiple isomers, [7] [8] [9] [10] [11] which contributes to the complex stability. In our previous work, we examined the number and the structure of isomers in bare and micro-solvated forms of crown ether complexes by gas-phase spectroscopy and found their relation to the guest selectivity. [4] [5] [6] [12] [13] [14] [15] We determined the structure of DB18C6 complexes with alkali metal ions, M + •DB18C6 (M = Li, Na, K, Rb, and Cs) using UV and IR spectroscopy under cold gas-phase conditions. 4 In bare K + •DB18C6, Rb + •DB18C6, and Cs + •DB18C6, the DB18C6 part adopts a similar boat-type open conformation, but the distance between the DB18C6 cavity and the metal ions increases with increasing ion size from K + to Cs + . 4 For microhydrated systems, we reported UV and IR spectra of hydrated K + •DB18C6 complexes, K + •DB18C6•(H 2 O) [1] [2] [3] [4] [5] , in the gas phase. 6 Since the K + ion in the K + •DB18C6 complex is encapsulated deeply with the crown cavity, H 2 O molecules can bind directly to the K + ion on both (top and bottom)
sides of the boat-type K + •DB18C6 conformer. This hydration manner is due to the optimum matching in size between the DB18C6 cavity and the K + ion.
In the present work, we extend our investigation of hydrated complexes to larger alkali-metal ions; that is Rb + •DB18C6 and Cs + •DB18C6 complexes. As mentioned above, bare K + •DB18C6, Rb + •DB18C6, and Cs + •DB18C6 complexes have a similar boat-type structure, but the position of the metal ions with respect to the DB18C6 part is slightly different from each other. 4 We examine how the difference in the metal position, or difference in the matching in size between the DB18C6 cavity and the metal ions, affects the manner of hydration.
Experimental and computational methods
The details of our experimental approach have been given elsewhere. 4, 6, 16 Briefly, the K + For IR-UV double-resonance spectroscopy, the output pulse of an IR OPO precedes the UV pulse by ~100 ns and counter-propagates collinearly with it through the 22-pole trap.
Absorption of the IR light by the ions warms them up, modifying their absorption. 19 We obtain IR-UV depletion and gain spectra by tuning the wavenumber of the UV laser either to the vibronic transition of a specific conformer or to a non-resonant position, respectively. The IR-UV depletion spectra provide conformer-selective IR spectra, whereas the IR-UV gain spectra represent the overall IR absorption due to all the isomers present in the experiment. Figure S1 of the Supporting Information displays the UVPD spectra of the K + •DB18C6•(H 2 O) n (n = 0-8) complexes in the 35800-36600 cm -1 region. All the spectra in Figure S1 consist of sharp bands with different vibronic patterns. The UV spectrum of bare K + •DB18C6 ( Figure S1a ) has its band origin at 36415 cm -1 , 4 which is 700 cm -1 higher than that of jet-cooled neutral DB18C6 monomer. 23 The spectra of the hydrated complexes are also higher in energy than the DB18C6 monomer, [23] [24] although to a lesser degree. The relative band positions of the UV absorption of the
Results

UVPD spectra
n complexes reflect the strength of the intermolecular interaction between DB18C6 and the other components in the complexes. The UV spectra of the n = 1-4 complexes increasingly shift to the red with increasing cluster size, which suggests a progressive decrease in the intermolecular interaction with DB18C6. For the n = 5 complex, the vibronic bands shift to higher frequency again, followed by a gradual shift to lower frequency for complexes with n = 6 to 8. Another noticeable feature of this series of UVPD spectra is that the n = 4 complex shows highly congested features compared to those of the other complexes. appear much more closely than the case of Rb + . These spectral features will represent the complex structure, which will be described in more detail in following sections. As will be demonstrated below, we propose the structure of the hydrated complexes on the basis of UVPD and IR-UV spectra, not of the stability order of isomers in quantum chemical calculations. The calculated total energy of the conformers cannot be used as a definitive evidence for the structural assignment of the complexes, because it highly depends on the calculation level.
Computed structures
IR spectra
We have reported conformer-selective, IR-UV double-resonance spectra of the K + •DB18C6•(H 2 O) n (n = 1-5) complexes in our previous study. 6 The smaller abundance of the hydrated Rb + •DB18C6 and Cs + •DB18C6 complexes prevented us from measuring exhaustive IR-UV spectra, but we have succeeded in obtaining spectra for some of them. For the n = 2 complex, the IR-UV gain spectrum (top spectrum in Figure 2b )
shows bands at 3608 and 3716 cm -1 , but no band is found in the 3400-3600 cm -1 region.
This IR-UV gain spectrum is quite similar to the theoretical one of isomer Rb2a ( Figure   1 ). The second most stable isomer (Rb2b, Figure S5 of the Supporting Information) is predicted to have a strong band at 3449 cm -1 due to the stretching vibration of the hydrogen-bonded OH group. However, the IR-UV gain spectrum shows no such band, indicating the absence of isomer Rb2b in the experiment.
Infrared spectra of the Rb + •DB18C6•(H 2 O) 3 complex are shown in Figure 2c . 6 The IR-UV gain spectrum (top spectrum in Figure 2c ) shows peaks at 3520, 3528, 3558, 3696, and 3709 cm -1 , accompanied by a weak shoulder at 3713 cm -1 . We measure IR-UV dip spectra at two resonant UV positions (36032 and 36182 cm -1 ). The IR-UV depletion spectrum measured at 36032 cm -1 clearly shows five dips at the same positions with those of the gain spectrum. This indicates that the IR-UV bands of the n = 3 complex are due to a single isomer. The depth is not high, but the IR-UV spectrum at 36182 cm -1 is similar to that measured at 36032 cm -1 , confirming the presence of a single conformer. The spectral pattern of the theoretical IR spectrum of isomer Rb3a ( Figure 1 ) well reproduces the observed IR-UV spectra, exhibiting three bands around 3500 cm -1 and two bands around 3700 cm -1 . In contrast, the spectral features of the second most stable isomer (Rb3b, Figure S5 of the Supporting Information) are sufficiently different from those of the measured spectra. From these results, the IR-UV spectra of the n = 1-3 complexes can be described by theoretical IR spectra of the most stable isomers (Rb1a, Rb2a, and Rb3a). The IR-UV gain and dip spectra (top two spectra of Figure 4) (Figure 2c ). In addition, the most stable calculated isomer (Cs3a, Figure 1) shows an IR spectrum similar to that we measure. In the following section, we discuss the probable structure of the M + •DB18C6•(H 2 O) n complexes on the basis of the UVPD, IR-UV, and theoretical results described above.
Discussion
M + •DB18C6•(H 2 O) 1 complexes
In our previous work, we determined the hydration structure of the [1] [2] [3] [4] [5] complexes by IR spectroscopy in the OH stretching region. 6 Here we determine structure of the hydrated Rb + •DB18C6 and Cs + •DB18C6 complexes using a combination of UVPD and IR spectra. (Figure 1 ) has a structure similar to that of the K + complex determined in our pervious paper (K1a, Figure 1 ). 6 We thus assign the structure of isomer Rb1a in Figure 1 While an IR spectrum is not available for the Cs
it is possible to infer the structure on the basis of the UVPD spectrum. As shown in The similarity of this spectrum to that of the Rb + complex indicates a similar structure.
The two most stable isomers of the Cs + •DB18C6•(H 2 O) 1 complex are shown in Figure   S7 of the Supporting Information. Among them, isomer Cs1b ( Figure 1 We consider now the structure of the Cs + •DB18C6 Figure 1 ). Hence, we tentatively ascribe the structure of Cs + •DB18C6•(H 2 O) 2 to isomer Cs2a; definitive assignment with IR-UV spectroscopy, which includes further improvement of detection efficiency of the photodissociation spectrometer, is our future work. 3 complex, there appears to be another isomer, 6 which exhibits a sharp UVPD band at 36390 cm -1 (highlighted by an arrow in Figure 7a ). The structure of this isomer was determined to be isomer K3g (Figure 1 ) on the basis of its IR spectrum. Figure 1 ). 6 Isomer Rb4a of the Rb + complex (Figure 1 ) has a structure similar to that of K4a, and its calculated IR spectrum well reproduces the IR-UV spectrum of the Rb + complex (Figure 3a) . Hence, the 4 complex is likely to have the structure of isomer Rb4a. However, as seen in Figure 1 , the optimized structures of the Cs + •DB18C6•(H 2 O) 4, 5 complexes (Figures 1, S7 , and S8) have a structure different from those of the K + (K4a and K5a) and Rb + (Rb4a and Rb5a) species. In isomer Cs4a, the four-membered ring of the H 2 O molecules is hydrogen-bonded to one of the oxygen atoms in the DB18C6 part, while in isomers K4a and Rb4a the four-membered ring is bound right on top of the metal ion, apart from the crown cavity. The difference in the structure between Cs5a and K5a or Rb5a is not so obvious; in all of these isomers a five-membered H 2 O ring is bound to the metal ions. However, since the radius of the Cs + ion is larger than One of the overall trends in the UV spectra of the complexes investigated in this work is that the band position gradually shifts to the red with increasing numbers of water molecules, which indicates that the interaction that the DB18C6 part has becomes weaker and weaker with increasing the hydration number, but then at some point shifts back to the blue before continuing to redshift at still higher hydration. This jump back to higher energy occurs between n = 4 and 5 for the K + and Rb + complexes and between n = 5 and 6 for the Cs + complexes. This trend in the UVPD spectra is related to the hydration manner in hydrated alkali metal ions, M + •(H 2 O) n . Miller and Lisy reported the structure of hydrated alkali metal ions determined by IR spectroscopy in the gas phase. [25] [26] They complex makes the interaction between the metal ions and the water clusters attached on the boat-type conformers weaker. As a result, the interaction between DB18C6 and the metal ions becomes stronger, and the UV absorption moves back to the higher frequency at n = 5 for the K + and Rb + complexes and at n = 6 for the Cs + complexes.
M + •DB18C6•(H 2 O) 3 complexes
These hydration profiles are characteristic of micro-hydrated systems, where water molecules are bound to the metal ions cooperatively. [25] [26] The M + •DB18C6 complexes in aqueous solutions are surrounded by a number of H 2 O molecules on both sides of the boat conformers. However, as can be seen in Figure 1 IR-UV (red curves) and theoretical IR (black curves and bars) spectra of the Rb + •DB18C6•(H 2 O) 1-3 complexes. The UV frequency at which the intensity of fragment ions is monitored for the IR-UV spectra is shown with the arrows in Figure 2S of the Supporting Information. IR-UV (red curves) and theoretical IR (black curves and bars) spectra of the Rb + •DB18C6•(H 2 O) 4, 5 complexes. The UV frequency at which the intensity of fragment ions is monitored for the IR-UV spectra is shown with the arrows in Figure S2 of the Supporting Information. IR-UV (red curves) and theoretical IR (black curves and bars) spectra of the Cs + •DB18C6•(H 2 O) 3 complexes. The UV frequency at which the intensity of fragment ions is monitored for the IR-UV spectra is shown with the arrows in Figure S3 of the Supporting Information. 
